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ABSTRACT
Many Type Ic superluminous supernovae have light-curve decline rates after their luminosity peak
which are close to the nuclear decay rate of 56Co, consistent with the interpretation that they are
powered by 56Ni and possibly pair-instability supernovae. However, their rise times are typically
shorter than those expected from pair-instability supernovae, and Type Ic superluminous supernovae
are often suggested to be powered by magnetar spin-down. If magnetar spin-down is actually a major
mechanism to power Type Ic superluminous supernovae, it should be able to produce decline rates
similar to the 56Co decay rate rather easily. In this study, we investigate the conditions for magnetars
under which their spin-down energy input can behave like the 56Ni nuclear decay energy input. We
find that an initial magnetic field strength within a certain range is sufficient to keep the magnetar
energy deposition within a factor of a few of the 56Co decay energy for several hundreds of days.
Magnetar spin-down needs to be by almost pure dipole radiation with the braking index close to 3
to mimic 56Ni in a wide parameter range. Not only late-phase 56Co-decay-like light curves, but also
rise time and peak luminosity of most 56Ni-powered light curves can be reproduced by magnetars.
Bolometric light curves for more than 700 days are required to distinguish the two energy sources
solely by them. We expect that more slowly-declining superluminous supernovae with short rise times
should be found if they are mainly powered by magnetar spin-down.
Keywords: supernovae: general
1. INTRODUCTION
Supernovae (SNe) were first thought to be the birth
place of neutron stars by Baade & Zwicky (1934). Cur-
rently, most neutron stars are believed to be born during
core collapse of massive stars leading to the core-collapse
SNe. If newly-born neutron stars rotate rapidly and have
strong magnetic fields (so-called “magnetars”), they can
affect subsequent observational properties of exploding
stars. This is because the huge rotational energy of neu-
tron stars can be radiated on a short timescale if they
are strongly magnetized (e.g., Ostriker & Gunn 1971).
Magnetars are suggested to be engines of several ener-
getic events observed in the Universe, such as gamma-
ray bursts (GRBs) and SNe with large explosion energies
(e.g., Usov 1992; Thompson et al. 2004; Maeda et al.
2007; Mazzali et al. 2006, 2014; Komissarov & Barkov
2007; Burrows et al. 2007; Greiner et al. 2015; Metzger
et al. 2015; Moriya et al. 2016).
In particular, magnetar spin-down has been suggested
to be a candidate energy source to power superlumi-
nous SNe (SLSNe) (e.g., Kasen & Bildsten 2010; Woosley
2010; Dessart et al. 2012; Chatzopoulos et al. 2013b; In-
serra et al. 2013; Nicholl et al. 2013, 2015b; McCrum
et al. 2014; Metzger et al. 2014, 2015; Chen et al. 2015;
Mo¨sta et al. 2015; Kasen et al. 2016; Wang et al. 2016;
Bersten et al. 2016; Sukhbold & Woosley 2016). SLSNe
are a recently-recognized class of SNe whose peak lu-
minosity is more than ∼ 10 times higher than that of
canonical SNe (see Gal-Yam 2012 for a review). Among
several spectral types of SLSNe, we focus here on Type Ic
SLSNe whose optical spectra do not generally show hy-
drogen features (e.g., Quimby et al. 2011, see also a re-
cent discovery by Yan et al. 2015 and its interpretation
by Moriya et al. 2015).
One of the first discovered Type Ic SLSNe, SN 2007bi,
is suggested to originate from a pair-instability SN
(PISN) powered by a huge amount of 56Ni which is syn-
thesized when they explode (Gal-Yam et al. 2009, but
see also Young et al. 2010; Moriya et al. 2010). This
is because its light-curve (LC) decline rate after the LC
peak is consistent with the nuclear decay rate of 56Co
and strong nebular Fe emission lines are also observed,
as expected in PISNe (e.g., Kasen et al. 2011; Dessart
et al. 2013; Kozyreva et al. 2014; Whalen et al. 2014;
Chatzopoulos et al. 2015).
However, subsequent theoretical and observational
studies suggest that the short LC rise times and little
line blanketing of slowly-declining Type Ic SLSNe like
SN 2007bi are inconsistent with 56Ni-powered PISNe
and prefer the magnetar-powered model (e.g., Dessart
et al. 2012; Inserra et al. 2013; Nicholl et al. 2013, 2015b,
2016a; McCrum et al. 2014; Chen et al. 2015; Jerkstrand
et al. 2016a,b; Mazzali et al. 2016) or other power sources
(e.g., Chevalier & Irwin 2011; Ginzburg & Balberg 2012;
Moriya & Maeda 2012; Ouyed et al. 2012; Chatzopou-
los et al. 2013b; Dexter & Kasen 2013; Baklanov et al.
2015; Sorokina et al. 2016; Nicholl et al. 2015a; Wang
et al. 2016). In addition, there also exist many Type Ic
SLSNe with fast LC declines that cannot be explained
by the 56Ni power (e.g., Pastorello et al. 2010; Chomiuk
et al. 2011; Inserra et al. 2013; Howell et al. 2013; Nicholl
et al. 2015b). The magnetar model can provide a unified
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explanation for fast-declining and slow-declining Type Ic
SLSNe (e.g., Kasen & Bildsten 2010).
Several environmental studies of SLSNe have been
carried out, and low metallicity and high specific star-
formation rate are commonly found in SLSN host galax-
ies (e.g., Neill et al. 2011; Chen et al. 2013, 2015; Lunnan
et al. 2014; Tho¨ne et al. 2015; Leloudas et al. 2015; An-
gus et al. 2016; Perley et al. 2016; Japelj et al. 2016).
However, they are still insufficient to distinguish differ-
ent possible powering mechanisms. Chen et al. (2016)
recently find a possible relation between the initial spin
obtained by fitting SLSN LCs assuming they are powered
by magnetars and their host metallicity. If confirmed,
this relation may prefer the magnetar model, but further
studies are required.
One interesting feature of slowly-declining Type Ic
SLSNe is that their LC decline rates are often consistent
with the 56Co decay rate for a long time (e.g., Nicholl
et al. 2016a; Chen et al. 2015; Papadopoulos et al. 2015;
Yan et al. 2015; Lunnan et al. 2016; Vreeswijk et al.
2016). If we just examine the late-phase LCs, the sim-
plest way to explain them is the 56Co decay. If magnetars
are actually powering most of Type Ic SLSNe including
slowly declining ones, it would be relatively easy for them
to behave like the decaying 56Co for a long time. In this
paper, we investigate how well magnetars can behave like
56Ni in powering SNe. We examine whether magnetars
can actually behave like 56Ni or not, and derive condi-
tions for magnetars to mimic the 56Ni nuclear decay.
The rest of this paper is organized as follows. At first
in Section 2, we investigate conditions under which mag-
netar spin-down energy can be similar to 56Co decay en-
ergy during late phases. Then, we also look into early LC
properties (rise time and peak luminosity) in Section 3
to see if magnetar-powered SNe can be similar to 56Ni-
powered SNe in both early and late phases. We discuss
our results in Section 4 and summarize our conclusions
in Section 5.
2. MIMICKING CONDITIONS AT LATE PHASES
We first investigate conditions under which magnetars
can have a similar energy input to the 56Co decay at
late phases (t & 100 days, where t is the time since the
explosion). 56Co in SN ejecta appears as a result of the
decay of 56Ni synthesized at the explosion. At t & 100
days, the energy input from the 56Ni decay is negligible
because of its short decay time (8.7 days). Thus, we
approximate the energy input from the nuclear decay as
L56Co = 1.5× 10
43M56Ni1 exp
(
−
t
111 days
)
erg s−1,
(1)
where M56Ni1 is the initial
56Ni mass (M56Ni) in units of
M⊙.
The total rotational energy Ep available in a neutron
star to power SN LCs is
Ep =
1
2
INSΩ
2
i ≃ 2× 10
52P−2ms erg, (2)
where INS ≃ 10
45 g cm2 is the momentum of inertia of
a neutron star, Ωi is its initial angular velocity, and Pms
is its initial rotational period (2pi/Ωi) scaled with 1 ms.
We assume that the rotational energy is lost by dipole
radiation during the spin-down timescale of
tp =
6INSc
3
B2R6NSΩ
2
i
≃ 4.1× 105B−214 P
2
ms sec, (3)
where RNS ≃ 10 km is the neutron star radius, c is the
speed of light, B is the initial neutron star magnetic field
strength, and B14 is B scaled with 10
14 G (e.g., Gunn
& Ostriker 1969; Contopoulos et al. 1999; Kasen & Bild-
sten 2010). In Eq. (3), we assume that the angle between
the magnetic dipole and the rotational axis is 45◦. The
energy deposited from magnetar spin-down is approxi-
mated as
Lmag =
(l − 1)Ep
tp
(
1 +
t
tp
)−l
. (4)
The temporal index l is 2 if magnetar spin-down is purely
through dipole radiation, i.e., a braking index of 3.
We here investigate conditions under which the energy
supply from magnetar spin-down remains within a factor
of a of the 56Co decay energy at late phases, i.e.,
a−1 <
Lmag
L56Co
< a. (5)
We first consider the case of l = 2. In late phases of
SNe as we are interested in here, t ≫ tp is satisfied (see
Section 3 for discussion on early phases). Thus, we can
approximate the magnetic spin-down energy as
Lmag → Eptpt
−2 = 8.2× 1057B−214 t
−2 erg s−1. (6)
Using the luminosity inputs at late phases (Eqs. 1 and
6), we obtain the following condition from Eq. (5) in the
cgs unit:
5.4×1014a−1t−2e
t
111 days < M56Ni1B
2
14 < 5.4×10
14at−2e
t
111 days .
(7)
Equation (7) indicates that only the initial magnetic field
strength needs to be in a certain range for magnetars to
mimic the 56Co decay when l = 2.
Figure 1 shows the ranges of M56Ni1B
2
14 (Eq. 7) as a
function of time for the cases of a = 2 and 3. A factor
of 2 difference in luminosity corresponds to a 0.75-mag
difference in magnitudes. This figure shows that magne-
tar spin-down can mimic an energy deposition by 56Co
decay within a factor of 2 until about 600 days after
the explosion if M56Ni1B
2
14 ≃ 20. Roughly speaking, the
energy deposition from the two different energy sources
remains within a factor of 3 until about 700 days when
10 . M56Ni1B
2
14 . 30. Figure 2 demonstrates this in the
case of M56Ni1 = 10 which is typically found in Type Ic
SLSNe. B14 = 1.4 satisfies M56Ni1B
2
14 ≃ 20 and the en-
ergy released by magnetar spin-down is kept within a
factor of 2 of the 56Co decay energy until about 600 days
as expected. If B14 = 1.7 (M56Ni1B
2
14 ≃ 30), Fig. 1 indi-
cates that the magnetar spin-down and the 56Co decay
energies are kept within a factor of 3 until about 700 days
after the explosion as is seen in Fig. 2. The magnetic
field strength required to mimic a given amount of 56Ni
is summarized in Figure 3.
One interesting coincidence to note is that we get
B14 ∼ 1 for magnetars to mimic
56Ni of ∼ 10 M⊙
which are typically required for the 56Ni-powered mod-
els of Type Ic SLSNe. Because the spin-down timescale
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Figure 1. Ranges ofM56Ni1B
2
14 where pure dipole magnetar spin-
down energy (l = 2, a braking index of 3) is within factors of 2 or
3 of the 56Co decay energy.
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56Co decay energy.
needs to be ∼ 10 days for magnetars to explain Type Ic
SLSN LCs, B14 ∼ 1 is often found for magnetars pow-
ering Type Ic SLSNe (Moriya & Tauris 2016 and refer-
ences therein). Therefore, the magnetic field strengths
required for Type Ic SLSNe happen to match the re-
quired magnetic field strengths to mimic the 56Co decay
from ∼ 10 M⊙ of
56Ni.
We have only discussed the case of the pure dipole
radiation (l = 2) so far. However, there are several ob-
servational indications that l might be larger than 2. For
example, the braking index of the Crab pulsar is observed
to be 2.5, indicating l = 2.3 (e.g., Lyne et al. 2015). A
even smaller braking index around 2 is required to ex-
plain the peculiar SN 2005bf which is suggested to be
powered by magnetar spin-down (Maeda et al. 2007).
There are several suggested mechanisms to make the
braking index smaller, which makes l larger (e.g., Menou
et al. 2001; Wu et al. 2003).
If magnetar spin-down has a braking index of 2 (l = 3),
the late magnetar energy input is approximated as
Lmag → 2Ept
2
pt
−3 = 6.7× 1063P 2msB
−4
14 t
−3 erg s−1, (8)
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Figure 3. The parameter region where 10 . M56Ni1B
2
14 . 30 is
satisfied. The late-phase LCs from a given amount of 56Ni can be
mimicked by magnetars with B in the shaded region if a braking
index is 3.
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and 56Co decay. The decline rate of the 56Co decay is constant
(0.0098 mag day−1). See also Fig. 13 of Inserra et al. (2013).
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and the condition to keep the energy inputs within a
factor of a becomes
4.4×1020a−1e
t
111 days t−3 < M56Ni1B
4
14P
−2
ms < 4.4×10
20ae
t
111 days t−3,
(9)
in the cgs unit. Figure 4 shows the parameter regions
in which the difference of the two energy sources is kept
within a factor of 2 or 3 in the case of l = 3. In the
case of l = 2, only B14 is needed to be within a cer-
tain range to obtain a similar energy input to the 56Co
decay. However, in the case of l = 3, both B14 and
Pms need to be in a specific limited range satisfying
0.5 . M56Ni1B
4
14P
−2
ms . 1 to mimic the
56Co decay energy
within a factor of 3 for a long time. As l becomes larger,
the combinations of B14 and Pms required for magnetars
to mimic the 56Co decay become more limited, and it
becomes harder for magnetars to reproduce the 56Co de-
cay. Therefore, we only naturally expect the two energy
sources to be similar when magnetar spin-down occurs
due to almost pure dipole radiation. On the other hand,
observed braking indices of pulsars are below 3 and they
are often close to 2 or even below (e.g., Espinoza et al.
2011 and references therein). Thus, the fact that the
braking indices need to be close to 3 for magnetars to
mimic 56Ni is a strong constraint on the magnetar model
for SLSNe. In the rest of this paper, we further investi-
gate the properties of magnetars mimicking 56Ni assum-
ing l = 2. Note that the pure dipole spin-down is usually
assumed in the current magnetar spin-down models for
SLSNe (e.g., Kasen 2010; Inserra et al. 2013; Chatzopou-
los et al. 2013b; Metzger et al. 2014; Kasen et al. 2016;
Wang et al. 2015; Bersten et al. 2016).
Even if the energy provided by magnetar spin-down
and 56Co decay can be kept similar for a long time, the
decline rates of the two energy sources may not remain
similar for a long time. In Fig. 5, we show the ratio of
the decline rates of the two energy sources in the cases
of l = 2 (Lmag ∝ t
−2) and l = 3 (Lmag ∝ t
−3). The
56Co decay rate is constant (0.0098 mag day−1), while
the decline rates from magnetar spin-down change as a
function of time because its energy input follows a power-
law. For example, in the case of l = 2 (Fig. 2), the
magnetar energy input is kept within a factor of 2 of
the 56Co decay until about 600 days after the explosion,
while the LC decline rates can differ as much as by about
a factor of ∼ 2 in 100 days . t . 600 days (Fig. 5). See
also Inserra et al. (2013) for discussion of the decay rates.
3. EARLY-PHASE LIGHT-CURVE PROPERTIES
In the previous section, we find that the energy input
from magnetar spin-down can be within a factor of 3 of
the energy input from the 56Co decay out to ≃ 700 days
in late phases if the condition 10 . M56Ni1B
2
14 . 30 is
satisfied1. However, even if the late phases are consistent
with the 56Co decay, early LC properties may differ from
each other. In this section, we also look into early LC
properties, namely, rise time and peak luminosity, to see
if magnetar-powered SN LCs can mimic 56Ni-powered
SN LCs even in early phases (t . 100 days).
3.1. Rise-time v.s. peak-luminosity relation
1 We only consider the case of l = 2 in the rest of this paper.
3.1.1. Magnetar-powered supernovae
Kasen & Bildsten (2010) formulate an analytical way
to estimate the peak luminosity and rise time of SNe pow-
ered by magnetar spin-down. We use their prescription
to estimate them. They show that the peak luminos-
ity of magnetar-powered SNe (Lmagpeak) for l = 2 can be
estimated as
Lmagpeak ≃
3Eptp
2t2d
[
ln
(
1 +
td
tp
)
−
td
td + tp
]
, (10)
where td = (3Mejκ/4pivfc)
0.5 is the effective diffusion
time determined by SN ejecta properties, i.e., ejecta mass
Mej, ejecta opacity κ, characteristic final ejecta velocity
vf = [(Ep + Eej) /2Mej]
0.5, and ejecta kinetic energy Eej.
The rise time trise for magnetar-powered SNe (l = 2) can
be estimated as
trise = tp


[
Ep
Lmagpeaktp
]1/2
− 1

 . (11)
3.1.2. 56Ni-powered supernovae
The peak luminosity of 56Ni-powered hydrogen-poor
SNe (L
56Ni
peak) can be estimated by using “Arnett’s law”
(Arnett 1979). For a given rise time trise, the peak lumi-
nosity roughly matches the central energy input at trise.
Therefore, when the central power source is 56Ni and
subsequently 56Co decay, the peak luminosity can be es-
timated as
L
56Ni
peak=M56Ni1
[
6.5× 1043 exp
(
−
trise,day
8.8 days
)
+1.5× 1043 exp
(
−
trise,day
111 days
)]
erg s−1,(12)
where trise,day is trise scaled to 1 day.
3.2. Mimicable rise time and peak luminosity
Given the relations between rise time and peak lumi-
nosity in magnetar-powered and 56Ni-powered LCs, we
can now investigate the parameter range where SNe from
the two power sources can have similar LC properties in
the early phases as well as in the late phases.
Rise time and peak luminosity of magnetar-powered
LCs are determined by the initial magnetic field strength
and the initial rotational period when the SN ejecta prop-
erties are fixed (Section 3.1.1). In Fig. 6, we show the
relations between the rise time and the peak luminosity
for the magnetar spin-down model for a given magnetic
field strength and rotational period, for several com-
binations of Mej, Eej, and κ (see also Kasen & Bild-
sten 2010). We note that the LC modeling of Type Ic
SLSNe based on the magnetar-powered model indicates
Eej ≃ 10
51 erg (≡ 1 B) and Mej ≃ 1 M⊙ (e.g., Inserra
et al. 2013; Nicholl et al. 2014, 2015b). Their spectral
modeling shows that the SN ejecta energy needs to be at
least 1 B (Dessart et al. 2012), and it is probably close
to 10 B with Mej ≃ 1 M⊙ (Howell et al. 2013).
Given a magnetic field strength B14, the peak luminos-
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Figure 6. Rise time v.s. peak luminosity relations of SN LCs. For the given SN ejecta properties indicated in each panels, the required
initial magnetic field strength (B14, black solid lines) and rotational period for magnetars (dotted lines) to obtain the rise time and the peak
luminosity are plotted. In addition, assuming a relation between rise time and peak luminosity in 56Ni-powered LCs (Eq. 13), we show lines
where M56Ni1B
2
14 = 30, 20, and 10 are satisfied (red solid lines). If LC properties are in the region between the lines of M56Ni1B
2
14 ≃ 30
and 10 (blue hatched), both the magnetar-powered and the 56Ni-powered models can fit the early- and late-phase LCs at the same time.
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Figure 7. Regions where both magnetar-powered and 56Ni-powered models can fit early- and late-phase LCs, for two SN ejecta opacities
(left: 0.2 cm2 g−1, and right: 0.1 cm2 g−1). The regions where magnetars can mimic 56Ni from all combinations of SN ejecta properties
with 1 M⊙ ≤ Mej ≤ 40 M⊙ and 1 B ≤ Eej ≤ 40 B are shown in gray. The blue dashed lines indicates the minimum required fraction of
56Ni mass to SN ejecta mass to reach the peak luminosity. The black regions are where the required 56Ni mass is restricted by Umeda
& Nomoto (2008), and the average SN ejecta velocity is between 3000 km s−1 and 30000 km s−1. The observational properties of SLSNe
summarized in Nicholl et al. (2015b) are also shown. We separate the SLSNe into two classes (fast and slow decliners) based on their
late-phase LC decline rates as discussed in the text. Most slow decliners have the decline rate that is consistent with the 56Co decay within
error. The fast decliner among slow decliners is SCP06F6.
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ity of 56Ni-powered SNe satisfying M56Ni1B
2
14 ≡ α is
L
56Ni
peak=αB
−2
14
[
6.5× 1043 exp
(
−
trise,day
8.8 days
)
+1.5× 1043 exp
(
−
trise,day
111 days
)]
erg s−1.(13)
Equation (13) provides the α value required for mag-
netars of a given B14 to mimic the rise time and peak
luminosity of 56Ni-powered LCs during early phases. In
Fig. 6, we plot the lines from Eq. (13) for several α. These
lines indicate the late-phase properties of magnetar-
powered LCs and they are complimentary information
to the early-phase properties in the figure which is dis-
cussed in, e.g., Kasen & Bildsten (2010); Metzger et al.
(2015). Both the early and late LC properties in the re-
gion between α ≃ 30 and 10 can be reproduced by both
magnetar-powered and 56Ni-powered models. Note that
the 56Ni mass required to explain the peak luminosity
by 56Ni-powered models is sometimes higher than the
assumed ejecta mass. For example, at the point where
the lines of M56Ni1B
2
14 = 20 and B14 = 2 cross, the
56Ni
mass required to account for the peak luminosity is 5M⊙.
The required 56Ni mass is as much as the SN ejecta mass
in some cases. As B14 becomes larger, the required
56Ni
mass becomes smaller (Fig. 3).
We now vary Mej and Eej within a reasonable range
(1 M⊙ ≤ Mej ≤ 40 M⊙ and 1 B ≤ Eej ≤ 40 B) and ob-
tain the regions with 10 ≤M56Ni1B
2
14 ≤ 30 for all combi-
nations of Mej and Eej in this range. The gray region in
Fig. 7 shows where 10 ≤M56Ni1B
2
14 ≤ 30 for κ = 0.2 and
0.1 cm2 g−1. In this region, we can find at least one com-
bination of Pms, B14, Mej, and Eej for magnetar models
to mimic 56Ni-powered LCs during both early and late
phases.
To further constrain realistic parameter ranges where
magnetars can mimic 56Ni, we show the minimum frac-
tion of 56Ni mass to SN ejecta mass required for the 56Ni-
powered model. The region beyond M56Ni/Mej > 1, is
the “forbidden” region for the 56Ni-powered model. We
also show the black region in Fig. 7 where the follow-
ing two conditions are satisfied: (i) the maximum 56Ni
mass for given Mej and Eej is restricted by those esti-
mated by Umeda & Nomoto (2008), and (ii) the mean
SN ejecta velocity (
√
2Eej/Mej) is between 3000 km s
−1
and 30000 km s−1. Umeda & Nomoto (2008) estimate
the maximum 56Ni mass that can be produced by given
combinations of progenitor core masses and explosion en-
ergies. Assuming that their C+O core masses roughly
correspond to Mej in our estimates, they show that the
maximum 56Ni mass for a given explosion energy does
not change when 1 . Mej/M⊙ . 20 and then the maxi-
mum 56Ni mass increases asMej increases. Therefore, we
assume that the maximum 56Ni mass is that of the 50M⊙
model (the C+O core mass of about 20 M⊙) in Fig. 7
of Umeda & Nomoto (2008) when 1 ≤ Mej/M⊙ ≤ 20.
When 20 ≤ Mej/M⊙ ≤ 30, we restrict the maximum
56Ni mass to those obtained by linearly interpolating the
50M⊙ and 80M⊙ (the C+O core mass of about 30M⊙)
models in Umeda & Nomoto (2008). Similarly, we in-
terpolate the maximum 56Ni mass of the 80 M⊙ and
100 M⊙(the C+O core mass of about 40 M⊙) models in
Umeda & Nomoto (2008) when 30 ≤ Mej/M⊙ ≤ 40.
The condition for the mean velocity is from the esti-
mated photospheric velocity range of SLSNe (Nicholl
et al. 2015b).
To demonstrate that magnetar-powered LC properties
in the mimicable region in Fig. 7 can actually mimic
56Ni-powered LCs, we present a magnetar-powered LC
model for SN 1998bw as an example. SN 1998bw is a
broad-line Type Ic SN associated with GRB980425 (e.g.,
Galama et al. 1998). Because its early-phase spectra are
rather red and its late-phase spectra show strong Fe lines,
it is likely that SN 1998bw is a 56Ni-powered SN (e.g.,
Iwamoto et al. 1998; Mazzali et al. 2001). SN 1998bw
is among the most luminous core-collapse SNe that are
commonly thought to be powered by 56Ni. The rise time
of SN 1998bw is ≃ 15 days and the peak luminosity is
≃ 9 × 1042 erg s−1 (e.g., Clocchiatti et al. 2011; Patat
et al. 2001), and thus it is in the mimicable region in
Fig. 7. The late-phase LC of SN 1998bw is suggested to
be powered by 0.1 M⊙ of
56Ni, although the LC declines
faster than that of the 56Co decay, probably because of
explosion asphericity (Maeda et al. 2003). Here, we look
for a magnetar-powered LC model that has the 56Ni-
powered LC of SN 1998bw, assumingM56Ni1 = 0.1. Tak-
ing M56Ni1B
2
14 = 15 as the mimicking condition (Fig. 1),
we obtain B14 = 12.
Figure 8 shows magnetar-powered LC models for
SN 1998bw with B14 = 12. The magnetar-powered LCs
are calculated in a semi-analytic way based on Arnett
(1982) assuming full energy trapping from the magne-
tar spin-down. This method is the same as in previ-
ous studies of magnetar-powered SN LCs (e.g., Inserra
et al. 2013; Chatzopoulos et al. 2013b). Our magnetar-
powered LCs succeed in mimicking the 56Ni-powered LC
with the given magnetic field strength in both early and
late phases. Our magnetar-powered LC models have
B14 = 12, Pms = 19, and Eej = 30 B in both κ = 0.2 and
0.1 cm2 s−1 models. The ejecta masses are Mej = 3 M⊙
(κ = 0.2 cm2 g−1) and Mej = 5 M⊙ (κ = 0.1 cm
2 g−1).
The magnetar-powered LCs reproduce the early-phase
LC as well as the late-phase energy deposition from the
56Co decay that powers the late-phase LC of SN 1998bw
within a factor of 2 for more than 500 days. We note that
Inserra et al. (2013) also show a magnetar-poweredmodel
for SN 1998bw. They independently found a model with
B14 ≃ 10, which is close to our B14 ≃ 12 and satisfies
the mimicking condition.
Although the magnetar model can fit the LC of
SN 1998bw, the required ejecta mass for the magnetar
model (Mej = 3−5M⊙ with Eej = 30 B) is smaller than
those estimated by the LC and spectra (Mej ≃ 10 M⊙
with Eej ≃ 30 B, e.g., Iwamoto et al. 1998; Nakamura
et al. 2001; Mazzali et al. 2001). For this larger ejecta
mass the magnetar model lies outside the parameter
space where it can mimic the 56Co decay. This implies
that SN 1998bw is not in the mimicable range for mag-
netars with the estimated ejecta mass and energy. Thus,
we can decline the magnetar model for SN 1998bw based
on the independent estimate for the explosion energy and
the ejecta mass.
4. DISCUSSION
4.1. Type Ic SLSNe
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Figure 8. Magnetar-powered LC models for the 56Ni-powered
SN 1998bw. The magnetar spin-down model can successfully
mimic the SN 1998bw LC for more than 500 days, but the re-
quired ejecta mass is small (Mej = 3− 5 M⊙). The bolometric LC
of SN 1998bw is from Patat et al. (2001).
Nicholl et al. (2015b) summarize the rise time and
the quasi-bolometric peak luminosity of well-observed
SLSNe. They estimate the time required for SLSNe
to reach the peak luminosity (Lpeak) from Lpeak/e. In
Fig. 7, we set the rise time as the time required to evolve
from 0.1Lpeak to Lpeak assuming an exponential lumi-
nosity increase. We also note that uncertain bolomet-
ric corrections are applied for some SLSNe to estimate
the peak luminosity. We further divide SLSNe based on
their decline rates. Nicholl et al. (2015b) estimate the
characteristic fading time τdec of SLSNe, i.e., the time
required to be Lpeak/e from Lpeak. Their SLSNe can be
separated into two groups at τdec = 50 days. We call
SLSNe with τdec < 50 days fast decliners and those with
τdec > 50 days slow decliners. For example, the PISN
candidate SN 2007bi which shows a LC decline consistent
with the 56Co decay soon after the peak (e.g., Gal-Yam
et al. 2009) has τdec ≃ 85 days (Nicholl et al. 2015b).
Most slow decliners have a similar slow decline rate to
SN 2007bi within observational errors and therefore have
the decline rate consistent with the 56Co decay.
Looking into the observed SLSNe in Fig. 7, most of
them are located in the gray region where magnetars
can mimic the 56Ni decay. Thus, even if we find a LC
decline consistent with the 56Co decay, we cannot rule
out the magnetar model based just on the decline rate.
Thus, it may not be suitable to classify slowly-decaying
SLSNe as “SLSN-R” based on the interpretation that
the slow decay is due to radioactive decay, as suggested
by Gal-Yam (2012). Because most SLSNe are outside
of the black region, core-collapse SN models are hard to
explain most SLSNe with 1 M⊙ ≤ Mej ≤ 40 M⊙ and
1 B ≤ Eej ≤ 40 B if we adopt the maximum
56Ni masses
from core-collapse SNe in Umeda & Nomoto (2008). The
56Ni mass to the ejecta mass ratio typically needs to be
more than 0.3 to explain SLSNe by 56Ni. Relatively less
luminous SLSNe near the top end of the black region
in Fig. 7 can still be explained by core-collapse SNe (cf.
Moriya et al. 2010).
The black region in Fig. 7 is obtained by allowing a
large range in Mej and Eej. However, once Mej and
Eej are fixed, the mimicable range is limited as is shown
in Fig. 6. As we demonstrated in the previous section,
the small ejecta mass required for the magnetar-powered
model disfavors this scenario for SN 1998bw. Thus, it is
important to estimate Mej and Eej independently from
the power sources by using spectra to distinguish 56Ni-
powered LCs from magnetar-powered LCs in both early
and late phases. Nicholl et al. (2015b) have tried to esti-
mate the ejecta masses, but the current large uncertainty
in the mass estimates prevents us from clearly distin-
guishing the two sources.
As SN LCs tend to be rather symmetric when diffu-
sion in the SN ejecta shapes them, it is not surprising
that rapidly-rising SLSNe tend to be fast decliners and
slowly-rising SLSNe tend to be slow decliners. However,
it is still interesting to note that rapidly rising SLSNe
are always fast decliners. This is because we expect
slowly-declining LCs from the magnetar model even if
the rise time is small. However, all SLSNe with short
rise times in the mimicable region are observed as fast
decliners (Fig. 7). If many slowly-declining SLSNe are
actually from magnetars mimicking the 56Co decay, we
would also expect to observe rapidly-rising SLSNe with
slow declines. Meanwhile, we also find that magnetar-
powered rapidly-rising SLSNe with slow declines with
larger Mej tend to have smaller Pms. Therefore, the lack
of rapidly-rising slowly-declining SLSNe may otherwise
indicate that SLSNe powered by magnetars with faster
rotations tend to have smaller ejecta mass.
4.2. Magnetar v.s. 56Ni
Even rise times of ∼ 60− 90 days which are relatively
long in the SLSN sample in Fig. 7 are too short to corre-
spond to PISNe (Kasen et al. 2011; Dessart et al. 2013;
Kozyreva et al. 2014; Chatzopoulos et al. 2015 but see
also Kozyreva et al. 2016). On the contrary, many slowly-
declining SLSNe have decline rates which are surpris-
ingly similar to that of the 56Co decay as discussed in
Section 1. We have shown in this study that only the
initial magnetic field strength needs to be within a cer-
tain range for magnetars to mimic the 56Co decay and
this can be simply a result of a similar initial magnetic
field strength in magnetars powering SLSNe. However,
it is important to note that there are several mecha-
nisms by which 56Ni-powered SLSNe can have short rise
times. Strong 56Ni mixing in PISNe can result in the
short rise times (Kozyreva & Blinnikov 2015), but multi-
dimensional PISN simulations do not find strong mixing
in PISNe, especially in the hydrogen-poor progenitors we
are interested in (Joggerst & Whalen 2011; Chatzopoulos
et al. 2013a; Chen et al. 2014).
We have discussed one way to distinguish the two mod-
els in the previous section: constraining Mej and Eej.
Another way to distinguish the two scenarios is to follow
the LCs for more than ≃ 700 days because the magnetar
spin-down energy input will eventually becomes much
larger than the 56Co decay energy input (Figs. 1 and 2,
see also Inserra et al. 2013). In addition, although the
two power sources can have a similar energy deposition
for a long time, the energy decline rates from magne-
tar spin-down change with time (Fig. 2). For example,
the bolometric LC of the frequently observed SN 1987A
clearly follows the 56Co decay without significant devia-
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tions in the decline rate until about 1000 days after the
explosion (e.g., Seitenzahl et al. 2014). Magnetars can-
not mimic 56Ni for this long, and SN 1987A is clearly
not powered by magnetar spin-down. However, it is dif-
ficult to obtain high quality late-phase bolometric LCs
for SLSNe which typically appear at high redshifts (e.g.,
Quimby et al. 2013). In addition, as seen in the LC of
SN 1998bw (Fig. 8), even 56Ni-powered LCs may not ex-
actly follow the 56Co decay because of asphericity. Late-
phase spectra can also be a way to distinguish them (e.g.,
Mazzali et al. 2001; Gal-Yam et al. 2009; Dessart et al.
2012; Jerkstrand et al. 2016a,b; Nicholl et al. 2016b).
Observations in X-rays and γ-rays may also distinguish
the two energy sources (e.g., Levan et al. 2013; Metzger
et al. 2014).
We note that even if there is large energy input from
magnetar spin-down, it does not likely result in a suf-
ficiently large production of 56Ni to make the SNe su-
perluminous in the magnetar spin-down model (Suwa
& Tominaga 2015). Likely, only small amounts of 56Ni
(∼ 0.1 M⊙ or less) are synthesized during the explosion
in magnetar-powered SLSNe (cf. Chen et al. 2013).
Finally, it is impossible to explain SLSNe that have a
peak luminosity exceeding about 1045 erg s−1 by 56Ni in
the parameter range in Fig. 7. The required 56Ni mass
needs to exceed the ejecta mass in this region.
4.3. Effect of opacity
We have compared the intrinsic energy deposition rates
of the magnetar spin-down and the 56Co decay in this
study. However, not all the deposited energy is necessar-
ily absorbed by SN ejecta. In the case of the 56Co de-
cay, mainly γ-rays from the 56Co decay are absorbed in
SN ejecta to power late-phase LCs. The effective γ-ray
opacity in SN ejecta is estimated to be 0.027 cm2 g−1
(Axelrod 1980; Sutherland & Wheeler 1984). On the
other hand, opacity for high-energy photons created by
electron-positron pairs from magnetar spin-down in SN
ejecta is poorly investigated (Kotera et al. 2013; Metzger
et al. 2014). Chen et al. (2015) found that the magnetar
model for the slowly-declining Type Ic SLSN PTF12dam
cannot account for its late-phase LC if all of the magne-
tar spin-down energy is deposited in the SN ejecta. They
found that the magnetar model requires 0.01 cm2 g−1 to
match the late-phase LC (see also Wang et al. 2015).
This γ-ray opacity is similar to the γ-ray opacity for the
56Co decay. If the γ-ray opacity is similar in the two
energy sources, LCs from the two energy sources are ex-
pected to be similar once the intrinsic energy inputs from
the two sources are similar. Even if the optical depth
in the magnetar spin-down model is different from the
56Ni-decay model, a different B14 that is scaled by the
difference in the opacity is still likely to make the two
energy sources produce similar LCs over long timescales.
5. CONCLUSIONS
We have shown that magnetars have a large parame-
ter range where they can mimic the 56Ni decay energy
input in both early and late phases of SLSNe. Only the
initial magnetic field strength of magnetars needs to be
within a certain range (10 . M56Ni1B
2
14 . 30) for late-
phase LCs powered by mangetars to be similar to those
powered by 56Co decay out to several hundreds of days
after the LC peak. Magnetars require B14 ∼ 1 to mimic
56Ni of ∼ 10 M⊙ which is required for SLSNe and this
magnetic field strength corresponds to those expected by
SLSN LC durations. This condition only holds if mag-
netar spin-down occurs by almost pure dipole radiation
and the braking index is close to 3. As the braking index
decreases, the parameter range for magnetars to behave
like 56Ni becomes more limited and magnetars are less
likely to be able to mimic the 56Ni decay. Because mag-
netars can mimic the 56Co decay in late phases rather
easily, it may not be appropriate to classify SLSNe as
“SLSN-R” assuming that the slow LC decay is from ra-
dioactive decay. With a proper combination of Mej and
Eej, we can obtain magnetar-powered SN LCs mimicking
56Ni-powered SN LCs both in the early and late phases
(Fig. 6).
The region where magnetars can mimic 56Ni in Fig. 7
indicates that there can be slowly-declining SLSNe with
short rise times. However, all the rapidly rising SLSNe
found so far also have rapid declines as shown in Fig. 7. If
SLSNe are powered by magnetars, rapidly rising SLSNe
with slow declines should be observed.
The range of the parameters where magnetars can
mimic 56Ni is large if there are no constraints onMej and
Eej (Fig. 7), but once the two SN properties are fixed,
there is only a limited range in rise time and peak lu-
minosity where magnetar-powered LCs can mimic 56Ni-
powered LCs (Fig. 6). Thus, it is important to obtain
the SN ejecta properties independently to distinguish the
two energy sources in slowly declining SLSNe. Bolomet-
ric LCs which extend to more than about 700 days after
the explosion can also distinguish the two sources.
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